Purpose: In respiratory self-navigation (SN), signal from static structures, such as the chest wall, may complicate motion detection or introduce post-correction artefacts. Suppressing signal from superfluous tissues may therefore improve image quality. We thus test the hypothesis that SN whole-heart coronary magnetic resonance angiography (MRA) will benefit from an outer-volume suppressing 2D-T 2 -Prep and present both phantom and in vivo results. Methods: A 2D-T 2 -Prep and a conventional T 2 -Prep were used prior to a free-breathing 3D-radial SN sequence. Both techniques were compared by imaging a home-built moving cardiac phantom and by performing coronary MRA in nine healthy volunteers. Reconstructions were performed using both a reference-based and a reference-independent approach to motion tracking, along with several coil combinations. Signal-to-noise ratio (SNR) and contrast-to-noise ratio (CNR) were compared, along with vessel sharpness (VS). Results: In phantoms, using the 2D-T 2 -Prep increased SNR by 16% to 53% and mean VS by 8%; improved motion tracking precision was also achieved. In volunteers, SNR increased by an average of 29% to 33% in the blood pool and by 15% to 25% in the myocardium, depending on the choice of reconstruction coils and algorithm, and VS increased by 34%. Conclusion: A 2D-T 2 -Prep significantly improves image quality in both phantoms and volunteers when performing SN coronary MRA.
INTRODUCTION
In traditional whole-heart magnetic resonance angiography (MRA), cardiac and respiratory motion make it challenging to both rapidly and accurately acquire highresolution images (1) (2) (3) . To minimize the effects of cardiac motion, data acquisition is most often timed to coincide with quiescent periods of the cardiac cycle (i.e., endsystole or mid-diastole) (4,5) through electrocardiography (ECG) triggering or self-gated methods (6) (7) (8) (9) (10) (11) (12) . Conversely, minimizing the effects of the respiratory motion is more problematic. Most often, this is achieved by discarding and reacquiring data collected during unfavorable respiratory phases, which are identified through use of diaphragmatic respiratory navigators (13) . Although several innovative strategies have been proposed to improve on diaphragmatic navigators (14) (15) (16) , navigator-based approaches nonetheless remain highly inefficient. Additionally, these approaches also suffer from problems such as respiratory drift (17) , suboptimal navigator positioning (18) , temporal delays (19) , hysteresis effects (20) , operator dependence, and the fact that diaphragmatic respiratory motion is only an approximation of cardiac respiratory motion (21) .
A more accurate and time-efficient approach may be to directly track the heart's respiratory motion and to then perform motion correction on data acquired during nonideal respiratory phases. Because a displacement in image space is equal to a phase shift in k-space (22) , one may compensate for the respiratory displacement of the heart by adding a corresponding phase shift to data acquired during any given respiratory position. In turn, this allows for 100% scan efficiency, as data may be used regardless of respiratory position. Whereas Cartesian imaging nonetheless remains the reference standard, self-navigated approaches (23) (24) (25) (26) such as these have found widespread application, with several notable developments (27) (28) (29) (30) (31) (32) (33) (34) (35) , and even have become routine in certain clinical settings (36) (37) (38) (39) .
To identify the aforementioned respiratory motion, one implementation collects a 1D superior-inferior (SI) projection at the start of each ECG-triggered acquisition window (23, 24) . In that approach, the blood pool is identified as a hyperintense structure; by tracking its displacement, respiratory motion can be identified and used for motion correction. Although highly promising, these self-navigation (SN) techniques nonetheless remain imperfect.
One major issue is that static structures, such as the chest wall and arms, make it difficult to reliably track the position of the blood pool. This may be particularly problematic in female or obese patients in whom increased chest tissue can interfere with blood pool tracking. Even when motion detection is successful, rigid motion correction may subsequently introduce artefacts when applied to static structures. That is, when compensating for respiratory motion, one effectively turns nonmoving structures into moving ones. In Cartesian acquisitions, this artificial motion can result in blurring and ghosting, whereas in radial acquisitions this may also present as streaking (40) . This advances the hypothesis that suppressing signal from these static tissues may significantly improve image quality in SN.
Several inner-volume selection (IVS)/outer-volume selection (OVS) techniques have been proposed (41) (42) (43) (44) (45) , though many rely on lengthy excitation or preparation schemes. Conversely, a 2D-T 2 -Preparation (2D-T 2 -Prep) (46) has recently been introduced, which incorporates a 2D selective excitation pulse into a T 2 -Prep module. Prior to imaging, this technique adds T 2 -weighting to a cylindrical region of tissue, while simultaneously spoiling signal elsewhere.
Although this technique has been reported for navigator-based coronary imaging (46, 47) , it has not yet been tested with whole-heart self-navigated 3D radial MRA. Because whole-heart MRA is frequently T 2 -prepared, replacing a conventional T 2 -Prep with this 2D-T 2 -Prep should add no additional time requirements. Additionally, by suppressing signal from static tissues, image quality should improve, as should motion tracking. Thus, the 2D-T 2 -Prep provides a useful tool for exploring the previously unreported idea that outer-volume suppression can improve self-navigated image acquisition.
In this study, we therefore test the hypothesis that SN 3D radial coronary MRA will benefit from the introduction of an outer-volume suppressing 2D-T 2 -Prep, as compared to a conventional T 2 -Prep. A new moving heart phantom is introduced to test this hypothesis, and whole-heart MRA is performed in nine healthy volunteers. Possible confounders are also investigated by exploring multiple published motion tracking techniques and differing coil combinations.
METHODS

Self-Navigation
A previously described (48) prototype 3D radial trajectory, specifically adapted to perform self-navigation, was used for data acquisition. During each heartbeat, this ECG-triggered sequence collects several readouts, collectively known as an interleaf. In each interleaf, acquisition begins with an initial superior-inferior (SI) projection, which is used to determine the position of the cardiac blood pool. This is followed by a series of Koosh ball-like 3D radial readouts. Beginning from the top of a hypothetical sphere encompassing all of k-space, projections crossing through the center of k-space are acquired. Each projection is rotated along the azimuth, and again along the altitude, such that the sum of all projections in a given interleaf forms a phyllotactic 3D spiral (48) . Although each spiral interleaf follows the same pattern, subsequent interleaves are rotated by the golden angle about the z-axis. This has the effect of uniformly sampling k-space regardless of the number of projections acquired, while simultaneously minimizing eddy currents (Fig. 1) .
After a full dataset is acquired, the relative position of the heart along the SI direction is calculated for each interleaf. Respiratory motion estimation was first performed in an automated, reference-based approach (24) . With this approach, an individual SI projection is chosen as respiratory reference (30) , and the relative displacement of all the other acquired projections with respect to the reference position is calculated. While this reference-based approach is the current gold standard, a reference-independent, iterative approach to SN has recently been introduced (49) and has been shown to improve vessel sharpness in coronary imaging relative to the noniterative, reference-based approach in patient studies. Motion detection was also performed with this new reference-independent technique, which operates by iteratively minimizing the residual respiratory displacement throughout the complete series of SI projections (i.e., without requiring the selection of a specific respiratory reference position), so as to determine if the potential improvements of the 2D-T 2 -Prep were resulting only from an improved reference detection.
For both approaches (automated and iterative), the actual motion detection was performed by using the SI projection data from all available coils, or alternatively, by using an SI projection from a subset of coils closest to the heart (defined as the best coils in this paper). By restricting SI projection data to a subset of coils, one may potentially minimize the influence of static structures on cardiac motion detection. Thus, to determine if the benefits of the 2D-T 2 -Prep's outer-volume suppression can be replicated through coil elimination, SI projections from both coil strategies were examined. The best coils were manually selected after examining the signal contribution of each coil and visually selecting those for which the coil image was primarily of the heart (in practice, this most often was the four central coils). Because a displacement in image space is equal to a phase shift in k-space (22) , the respiratory displacement of the heart is corrected for by adding a corresponding phase shift to that interleaf. Specifically, the linear phase for each readout is computed according to the detected shift and to the polar angle between the current readout and the SI orientation (23) . The final, motion-corrected image can then be reconstructed.
2D-T 2 -Prep
A previously described T 2 -Prep module (50) , known as the 2D-T 2 -Prep (46), was used prior to respiratory selfnavigated image acquisition. Briefly, the 2D-T 2 -Prep begins with a 2D selective excitation pulse (44, 51, 52) , consisting of a jinc pulse played out with spiral gradients (53) (54) (55) , which excites a cylinder of magnetization. By altering the radiofrequency (RF) pulse and gradient parameters, the diameter, location, and shape of the excitation profile may be adjusted. In this implementation, the 2D pulse properties were chosen to mimic the anatomy of the adult heart: a cylinder diameter of 12.0 cm, aliasing rings of diameter 48.0 cm, and a jincshaped RF pulse with five zero-crossings, to ensure uniform excitation (Fig. 1) . These values corresponded to a spiral trajectory with 15.6 turns, which on a clinical scanner with a gradient strength of 45 mT/m and a maximum slew rate of 200 T/m/s results in a 5.8 ms RF pulse duration.
After this 2D pulse is played out, the excited signal decays according to the T 2 value of the associated tissue, being refocused with two hyperbolic secant adiabatic 180 pulses (56) (57) (58) . This added T 2 -weighting provides contrast between the high-T 2 blood pool and the low-T 2 myocardium. A final, nonselective restoration pulse restores the transverse magnetization prior to the start of imaging. However, in the case of the 2D-T 2 -Prep, this nonselective pulse also affects magnetization outside the initially excited cylinder. As a result, while the cylinder is restored, the (formerly) longitudinal magnetization outside of the cylinder is rotated into the transverse plane, where it is then spoiled. Thus, only a cylinder of T 2 -prepared tissue remains at the start of imaging.
In these experiments, the 2D cylinder was applied along the bore of the magnet, which corresponded to the axis of motion in the moving phantom studies and the SI direction in volunteers (see below).
Moving Phantom
A custom, home-built moving cardiac phantom (Fig. 2) , inspired by Huber et al. (59) , was constructed to compare the performance of the two pulses. A stepper motor, which rotates at a programmable rate, was used to drive a wooden pole sinusoidally in and out of the MRI bore. In turn, this moves a wheeled cart back and forth within the scanner. A commercially available K'NEX construction set (Hyper Space Training Tower, K'NEX Industries, Inc., Harfield, PA) was used to create a rigid frame around the moving cart, upon which a chest coil could be placed.
In these experiments, the cart was loaded with several phantoms, which had been doped to mimic the relaxation properties of the cardiac blood pool, fat, and myocardium. Additionally, a length of flexible tubing with an inner diameter of 6 mm was filled with a nickel sulfate solution (0.375% NiSO 4 weight by weight, w/w) to create a large, mock coronary artery. Several smaller phantoms, with varied relaxation properties, also were placed within the rigid K'NEX frame to represent static structures within the body. Notably, several small baby oil (Johnson & Johnson, New Brunswick, NJ) phantoms were also placed underneath the chest coil to represent static adipose tissue in the torso. That blood pool position is used to determine respiratory motion, which can be corrected for by applying a phase shift to the associated k-space data (gray arrows). Two T 2 -Prep modules were compared: a conventional T 2 -Prep (upper row) and an outer-volume suppressing 2D-T 2 -Prep (lower row), for which the targeted inner volume is indicated by a dashed cylinder.
Phantom Experiments
The above described moving phantom was used to perform simulated free-breathing SN coronary MRA. To do so, an artificial ECG gating signal of 60 beats per minute (BPM) was generated, and a "respiratory" displacement of 6 2 cm, with a frequency of 17 revolutions per minute (RPM), was programmed into the stepper motor. Images were collected on a 1.5 T clinical scanner (MAGNETOM Aera, Siemens Healthcare, Erlangen, Germany) using the 3D radial phyllotactic sequence described above, with a balanced steady-state free precession (bSSFP) readout, 18-channel chest coil and 12-channel spine coil, (1.15 mm) 3 isotropic voxels, field of view (FOV) (220 mm) 3 , matrix size 192 3 , RF excitation angle 110 , 16 readouts/heartbeat, echo time (TE)/repetition time (TR)/readout window (T acq ) ¼ 1.82/3.63/58 ms, and TE T 2 -Prep ¼ 40 ms. These experiments were repeated five times each for both a conventional adiabatic T 2 -Prep and the 2D-T 2 -Prep.
Motion tracking, correction, and reconstruction were attempted postacquisition using a commercial programming language (MatLab 7.11, MathWorks, Natick, MA) employing one of four possible strategies. Firstly, a previously described automated, reference-based segmentation approach (24) was used to identify the "blood pool" in the moving phantom by examining the SI projections. This was attempted using SI projections created from all coils, or created only from those coils closest to the blood pool (the best coils). In the moving phantom, this corresponded to only using the spinal coils for motion tracking. Motion correction was also attempted using an iterative approach (49) , again using either all coils or only the best coils to identify the blood pool. The four strategies thus are defined, for convenience, as automated/iterative þ all/best coils.
After reconstruction, signal-to-noise ratio (SNR) and contrast-to-noise ratio (CNR) were measured in the "blood" and "myocardium" of the phantom. Additionally, vessel sharpness (VS) was measured in the mock coronary artery using the Soap-Bubble (60) visualization and analysis tool. SI projections also were analyzed to determine the sharpness of the phantom's blood pool, which is delineated and tracked when performing motion correction (23, 24, 49) . The maximum gradient between the blood pool and adjacent tissue was determined by examining each interleaf's SI projection, and the mean maximum gradient was calculated for both the conventional and the 2D-T 2 -Prep. When possible (see Results), a paired two-tailed Student t test was used to compare results from the conventional T 2 -Prep þ SN and the 2D-T 2 -Prep þ SN, with P < 0.05 considered statistically significant.
The calculated motion shifts for each SI projection were also temporally aligned and then fit to a sine curve corresponding to the known motion of the moving phantom, using a least squares approach. Using the 60 BPM sampling rate, the root mean square error (RMSE) of the sine fit was determined for each T 2 -Prep technique, given the known sinusoidal respiratory pattern of 17 RPM. The RMSE of the fit was then calculated for each repetition, and a paired two-tailed Student t test (with unequal variance) was used to compare results, with P < 0.05 considered statistically significant.
In Vivo Experiments
Free-breathing, ECG-gated, respiratory self-navigated, 3D radial whole-heart coronary MRA was performed in nine healthy adult volunteers (4 female, 5 male), aged 25 to 34. All experiments were approved by the institutional review board, and written informed consent was obtained from each study participant. Imaging parameters were as per the phantom study above, with imaging taking place during the most quiescent mid-diastolic phase of each volunteer's cardiac cycle. This phase of quiescence was identified through a high-temporal resolution four-chamber 2D cine image acquired at the start of each scanning session.
Motion tracking and reconstruction were performed using the same four technique combinations attempted during phantom imaging (automated/iterative þ all/best coils). Depending on the volunteer, the best coils were either the four or six central anterior coils of the 18-channel chest coil, as described above (see Methods: Self-Navigation). After reconstruction, a region of interest (ROI) was selected in each of three tissues: blood, myocardium, and lung. For both T 2 -Prep modules (2D/conventional), and for all four tracking techniques, the SNR and CNR of each tissue were calculated using the formula SNR tissue ¼ S tissue /s lung and CNR ¼ jS tissue1 -S tissue2 j/ s lung , where S is the average signal strength in the ROI and s lung is the standard deviation of the lung signal. The ROI from the lung was manually selected so as to be inside the area excited by the 2D-T 2 -Prep, with visible blood vessels excluded, for use as an ersatz background (45) . After a multiplanar image reformat using Soap-Bubble (60), VS was measured in both the left and right coronary artery systems (LCA/RCA). These measurements were performed using the best coils, and both the reference-dependent automated segmentation and the reference-independent iterative reconstruction techniques, for both the conventional and the 2D-T 2 -Prep. As an additional assessment of image quality, two expert observers (8 and 22 years of experience) were blinded and evaluated the image quality of the coronary arteries in those data sets. First, a mask was applied to each volume, such that the observers were blinded as to whether the 2D-T 2 -Prep or conventional T 2 -Prep had been used (i.e., obscuring everything outside of the heart). Image sets were then presented in a random order and were scored on a consensus basis, using a scale of 0 to 4, based on the visibility and sharpness of the entire coronary vasculature.
To determine statistical significance, a three-factor analysis of variance (ANOVA) with interaction test was first used to determine whether a difference existed between the protocols (F > F crit , P < 0.05), where the following variables were examined: automated/iterative reconstruction, all/best coils, and 2D/conventional T 2 -Prep. Two-factor ANOVA (with interaction) was likewise performed for VS. After establishing that a difference existed, a paired 2-tailed Student t test was used to compare the SNR and CNR from the conventional T 2 -Prep þ SN and the 2D-T 2 -Prep þ SN, with P < 0.05 considered statistically significant.
Cartesian Acquisitions
An additional nine volunteers (5 female, 4 male), aged 23 to 35 years, were subsequently recruited and scanned with a more traditional Cartesian navigator-and ECG-gated sequence to provide a reference standard. Sequence parameters were chosen to be similar to those of Sakuma et al. (61) , with 3D whole-heart centric-ordered segmented bSSFP sequence with a 280 Â 280 Â 120 mm 3 imaging volume, 160 slices (80 acquired), 256 Â 256 matrix size (interpolated to 512 Â 512), TE ¼ 1.92 ms, TR ¼ 297 ms, bandwidth (BW) ¼ 1085 Hz/pixel, 35 segments/heartbeat (3.8 ms echo spacing), RF excitation angle ¼ 90 , T 2 -Prep TE ¼ 50 ms, CHEmically Selective Saturation (CHESS) RF pulse fat suppression, and a generalized autocalibrating partially parallel acquisitions (GRAPPA) acceleration factor of 2 (24 reference lines).
Soap-Bubble (60) was then used to measure VS in both the right and left coronaries, and the above two expert observers evaluated the image quality of the vessels in those data sets, as described above. A one-factor ANOVA with interaction test was first used to determine whether a difference existed between the Cartesian and selfnavigated (2D/conventional) results (F > F crit , P < 0.05), for both the left and right coronaries, using the best coils. ANOVA (with interaction) likewise was performed for VS. After establishing that a difference existed, a paired 2-tailed Student t test was used to compare the image quality assessment (IQA) and VS between the Cartesian images, 2D-T 2 -Prep þ SN, and conventional T 2 -Prep þ SN, with P < 0.05 considered statistically significant.
RESULTS
Phantom Experiments
In the moving phantom, all motion detection approaches (automated and iterative) and coil combinations (all and best) were successful when the 2D-T 2 -Prep was used. However, when the conventional T 2 -Prep was used, motion correction was less effective-as determined by visual inspection (see Supporting Fig. S1 )-unless both a selected coil subset (the best coils) and the iterative motion detection approach were used together. However, even in the best coils þ iterative case, the 2D-T 2 -Prep still outperformed the conventional T 2 -Prep, increasing blood SNR by 53% (58.5 6 2.4 vs. 23.6 6 2.1), myocardial SNR by 47% (23.6 6 1.5 vs. 12.6 6 1.4), and VS by 7.5% (62.3 6 0.6 vs. 58.0 6 0.8). Likewise, the mean signal gradient of the SI projections (Fig. 3) increased by 10.8% (arbitrary units) when using the 2D-T 2 -Prep (all P < 0.05).
The sine fit was also superior when using the 2D-T 2 -Prep. Specifically, when fitting the detected motion to a sine curve with a frequency equal to that of the moving phantom, the RMSE of the fit was between 0.3690 and 0.3882, with a mean value of 0.3763 (60.008) for the five experiments that used the 2D-T 2 -Prep. Conversely, when using the conventional T 2 -Prep, the RMSE of the fit was between 0.5318 and 2.799, with a mean value of 1.293 ( 6 0.952). Despite the high standard deviation of the conventional T 2 -Prep (0.952), the decreased RMSE in the 2D-T 2 -Prep was still statistically significant (P < 0.05).
In Vivo Experiments
In volunteers, the 2D-T 2 -Prep maintained high signal in the region targeted by the 2D-selective pulse, whereas exterior signal, in the chest, arms, and lungs was clearly attenuated (Fig. 4) . High T 2 -weighted contrast could also be observed between the blood pool and myocardium, and the coronary arterial system could be visualized and analyzed (Fig. 5) . Consistent with these observations, a high blood-myocardium CNR was measured for both approaches, though the CNR of the 2D-T 2 -Prep was significantly higher (37.3%-46.1% improvement, depending on protocol) (see Table 1 ). Similar results were found for blood-lung CNR (13.7-14.1% improvement) and myocardium-lung CNR (4.1%-4.4% improvement). As compared to the conventional T 2 -Prep, the 2D-T 2 -Prep also significantly improved the SNR of the blood pool (29.0%-33.3% improvement) and the myocardium (14.9%-25.3% improvement). Although the magnitude of the improvement varied, these improvements were always observed and were always significantly different (all P < 0.05 or better), regardless of the motion detection approach used and regardless of the coil subsets selected (Table 1) . Additionally, when analyzing the RCA, VS increased by 34% (29.3 6 9.0 vs. 39.3 6 9.4) when using the 2D-T 2 -Prep with an automated segmentation approach (P < 0.002) and by 23% (33.7 6 7.3 vs. 41.2 6 6.7) when using the iterative reconstruction (P < 0.01). In the LCA, VS increased by 21% (35.7 6 7.4 vs. 29.4 6 6.7) when using the 2D-T 2 -Prep with an automated segmentation approach (P < 0.02), and by 20% (36.7 6 7.0 vs. 30.6 6 6.6) when using the iterative reconstruction (P < 0.02). An example can be seen in Figure 5 ; the decreased background signal in the 2D-T 2 -Prep leads to an increased conspicuity of the distal left coronary system.
In the blinded observer ratings of coronary image quality, 2D-T 2 -Prep þ SN increased the mean score by 64% (2.0 6 0.9 vs. 1.2 6 0.8) for an automated segmentation approach (P < 0.05) and by 45% (1.9 6 0.7 vs. 1.3 6 0.9) when using the iterative reconstruction, though the latter result did not reach statistical significance (P 5 0.07).
Cartesian Acquisitions
In the subsequent Cartesian acquisitions, the mean VS in the LCA was 40.9 6 7.3. This was a nonsignificant 7% increase as compared to the 2D-T 2 -Prep þ SN (P ¼ 0.15), and a significant 49% increase as compared to the conventional T 2 -Prep þ SN (P < 0.005). The mean VS in the RCA was 51.4 6 11.5. This was a significant 28% increase as compared to the 2D-T 2 -Prep þ SN (P < 0.05), and a significant 59% increase as compared to the conventional T 2 -Prep þ SN (P < 0.002). Two representative images of the reformatted Cartesian acquisitions may be seen in Figure 5 (5e,f) .
In the observer ratings of Cartesian coronary image quality, the mean IQA score was 2.5 6 1.0. This was 6.9 6 2.5 7.0 6 2.5 6.6 6 1.7 6.5 6 2.0 *P < *P < *P < *P < Note that regardless of the coil selection or reconstruction/motion tracking technique used, the 2D-T 2 -Prep improves image quality. All values are 6 standard deviation. superior to all self-navigated scores but only reached statistical significance when compared to the conventional T 2 -Prep (2D-T 2 -Prep: 2.0 6 0.9 (P ¼ 0.25)/1.9 6 0.7 (P ¼ 0.13) iterative/automated; conventional 1.2 6 0.8 (P < 0.01)/1.3 6 0.9 (P < 0.02)) due to the higher threshold required for unpaired comparisons.
DISCUSSION
As compared to a conventional T 2 -Prep, the 2D-T 2 -Prep significantly improved SNR, CNR, and VS in both phantoms and volunteers when performing self-navigated coronary MRA. We posit that there are two main reasons for these improvements in image quality. Firstly, the suppression of extraneous signal, such as from the chest wall and arms, may make it easier to detect the respiratory position of the blood pool along the SI direction, thus making motion identification and tracking more accurate. As can be seen in Figures 3c and 3g , when static tissue signal is attenuated with the 2D-T 2 -Prep, the blood pool is visualized more clearly and easier to identify. Evidence of this can also be seen by examining the mean gradient of the blood pool in the moving phantom, which was 10.8% sharper when using the 2D-T 2 -Prep. Because a sharper blood pool delineation presumably leads to improved blood pool identification, motion detection and correction may also be more accurate. Thus, artefacts due to insufficient motion correction are reduced. This is also corroborated by the improved quality of the moving phantom's sine fit when using the 2D-T 2 -Prep, for which the mean RMSE was significantly lower (0.3763) than with the conventional T 2 -Prep (1.293). In the non-2D case, the motion detection also visually appears to deviate from the expected sinusoidal motion of the moving phantom (Fig. 3h) . Conversely, no such deviation occurs in the 2D-T 2 -Prep case (Fig. 3d) .
Secondly, in addition to better blood pool tracking, the 2D-T 2 -Prep also leads to a reduction in streaking artefacts after motion correction. In part, this may be why the SNR increases were so dramatic in the phantom experiment results; background noise was far higher in the conventional T 2 -Prep. Specifically, when rigid-body respiratory motion correction is applied to compensate for cardiac displacement, this effectively turns static tissues into moving ones. Signal from the arms and chest wall, which do not follow the same respiratory displacement pattern as the heart, becomes corrupted by the introduction of an incoherent motion "correction". For the undersampled 3D radial phyllotactic self-navigation sequence being studied, this results in streaking artefacts and blurring across the image, increasing the apparent background signal. These artefacts decrease image quality, despite the improved scan efficiency of the selfnavigation sequence. Thus, the SNR increase when using the 2D-T 2 -Prep should be view primarily as reduction in background noise and streaking artefacts rather than as an increase in signal.
Note that important contribution to the above streaking artefacts is that only translational motion correction is performed. This incorrectly causes static tissues to appear to be moving (i.e., via the respiratory motion correction), causing streaking in this 3D radial sequence. Affine and nonrigid motion-correction approaches might thus reduce the frequency, number, and severity of such streaking artefacts, as in those cases, static tissues would no longer be artificially turned into "moving" ones (27) . In turn, this would eliminate many of the problems that the 2D-T 2 -Prep attempts to resolve. In this work, such nonrigid motion correction approaches were not explored. Combining this approach with affine (28, 62) and nonrigid (63) motion correction or iterative reconstruction (35, 64) may very well prove to be a highly promising strategy, and may even obviate the benefits of OVS. However, that this comparison was not attempted remains a limitation of this work.
Nonetheless, it is interesting to note that the 2D-T 2 -Prep outperformed the conventional T 2 -Prep for both the all-coil and the best-coil selections. Specifically, when using an SI projection for motion tracking, one might expect that by eliminating coils distant from the heart, blood pool tracking would improve. In effect, choosing the best coils might have the same effect as using a 2D-T 2 -Prep. However, statistical analysis showed no significant difference between the all-coils and best-coils selections, in terms of SNR and CNR, whereas using the 2D-T 2 -Prep (rather than the conventional T 2 -Prep) did show a significant improvement in both.
Despite this, the motion tracking analysis did have specific weaknesses in the phantom experiments. In the moving phantom, although motion was periodic, it could not be guaranteed to be perfectly sinusoidal. For instance, a slight amount of drag, friction, or sliding might have resulted in motion that was imperfectly curved. Despite this possible flaw, motion tracking fidelity was still determined by the RMSE of a sine fit. Because of this intrinsic limitation, the RMSE values reported cannot be viewed as absolute measures of motion tracking accuracy. Instead, they should be viewed as relative indicators; whereas both may suffer from an unknown offset or additional error, the more accurate technique should still be closer to a sine curve than one which incorrectly detects motion.
For the volunteer studies, a potential weakness is that inflow effects were not considered. Because the 2D-T 2 -Prep suppresses signal outside of the targeted region, one might expect some of the incoming blood (e.g., from the subclavian or pulmonary veins) to have decreased signal intensity. This may be particularly problematic in patients with high heart rates, as saturated blood will have less T 1 recovery time before entering the heart. Although this effect was not seen in this study, it bears mentioning that none of the volunteers had a particularly high rate (all < 75 BPM). In cardiac patients, heart rates may be elevated; thus, this potential limitation may be more significant in future studies.
Likewise, despite the apparent improvement of the 2D-T 2 -Prep on image quality, there were several other limitations to this work. Firstly, although background signal suppression was effective, it remained imperfect outside of the region selected by the 2D-T 2 -Prep. Based on previous investigations (46, 65) , we hypothesize that this may be related to B 1 inhomogeneity in the nonselective T 2 -Prep restoration pulse (i.e., at the end of the T 2 -Prep) or due to T 1 signal recovery after spoiling or during the radial signal readout train. It may also be because 2D selective excitation pulses are not perfect in practice. As such, the current implementation may be less effective than theoretically possible. In all of these cases, however, improving background suppression may lead to even greater SNR, CNR, and possibly VS improvements.
It may also be worth exploring other approaches to chest wall signal saturation. One example would be to explore a modified version of our 2D-T 2 -Prep, such as the one recently proposed by Luo et al. (66) . That version uses a nonselective adiabatic BIR-4 (B 1 -independent rotation) tip-down pulse with a 2D restoration pulse (i.e., a "mirrored" version of our 2D-T 2 -Prep). The advantage of this approach includes that it benefits from a more homogenous excitation through the use of an adiabatic tip-down pulse. Additionally, there is a shorter 2D pulse duration, which is achieved by exploiting the conjugate symmetry described by Smith and Nayak (67) . This short 2D pulse duration may therefore make it more robust to signal loss during the 2D pulse in regions with very short T 2 * values (e.g., lung parenchyma); lung imaging has recently been proposed as an application for selfnavigated sequences (68) . However, a limitation of Luo's variant is that tissues experience T 1 recovery throughout the duration of the T 2 -Prep time. This may make it less suitable for longer T 2 -Prep durations, as background signal recovery will reduce the benefits gained from outervolume suppression.
Note that the improvement of the 2D-T 2 -Prep (vs. conventional T 2 -Prep) on vessel sharpness was 34% RCA/ 21% LCA (39.3 vs. 29.3/35.7 vs. 29.4) when using the automated segmentation approach, whereas it was only 23% RCA/20% LCA (41.2 vs. 33.7/36.7 vs. 30.6) when using the iterative, reference-independent approach. Likewise, in the blinded observer ratings of coronary image quality, 2D-T 2 -Prep þ SN increased the mean score by 76% (2.1 vs. 1.2) for the automated segmentation approach but only by 39% (1.9 vs. 1.4) when using the iterative reconstruction. That the 2D-T 2 -Prep improves performance less dramatically when using the iterative reconstruction technique is interesting. Because the iterative approach has been shown to increase vessel sharpness in patients with irregular breathing (49) , it suggests that the process by which the iterative approach improves image quality may be similar that of the 2D-T 2 -Prep, namely, improved motion tracking. It also suggests that the potential benefits of the 2D-T 2 -Prep on blood pool tracking may also be (partially) achievable with a more robust motion-tracking strategy. Note that although the iterative approach did slightly increase vessel sharpness in this study (as compared to the automated approach), the results were not considered statistically significant. However, this might be expected, as only healthy volunteers were studied in this work, and the iterative approach has only been shown to improve VS in patients. Conversely, this may highlight another weakness in this study-that no patients were studied. It would certainly be interesting to see how the effects reported here translate to a patient population with irregular breathing.
Although a comparison to the reference standard Cartesian navigator-gated coronary MRA was not the focus of this study, an unpaired comparison between the above approach and a previously established whole-heart protocol (61) was performed. A paired comparison may ultimately be more meaningful, but it remains challenging to define an adequate navigator-gated (or even self-gated) Cartesian protocol with similar imaging parameters (isotropic spatial resolution, temporal resolution, volumetric coverage, etc.) to a self-navigated 3D radial sequence; this remains a lasting complication (69) . Scan times for conventional, navigator-gated Cartesian approaches are unpredictable, as they depend on the respiratory pattern of a given subject. For self-navigation, however, this is not the case and the only determinant for scan time is heart rate. Nonetheless, as shown in this work, a traditional Cartesian acquisition may sometimes provide superior image quality. Additionally, in Cartesian acquisitions, static tissue coming from either the chest wall or arms (although not simultaneously) can be avoided by limiting the FOV. A full investigation into the relative benefits of these approaches would certainly be worthwhile but is beyond the scope of this study.
Finally, much work has recently been done with compressed sensing (70) (71) (72) . With the increased sparsity introduced by the 2D-T 2 -Prep, there exists a strong potential to exploit this for self-navigation purposes, such as in the case of free-running self-navigation (11, 73) .
CONCLUSION
Image quality in self-navigated 3D radial coronary MRA has been shown to significantly improve with the introduction of a 2D-T 2 -Prep relative to the conventional T 2 -Prep. These results have been demonstrated in both a moving phantom and through in vivo MRA of the coronary arteries in healthy volunteers. Motion detection and correction have also been shown to improve with the 2D-T 2 -Prep in a moving phantom, which may contribute to the improved image quality found in vivo. The above technique should thus be considered for use in selfnavigated cardiac imaging, and perhaps explored for any form of image acquisition where a local ROI is targeted and information from adjacent tissues is not required.
